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ABSTRACT
= =
Three popular shear tests - the 10 ° off-axis, the +45 ° tensile and the Iosipescu
specimen tested in the modified Wyoming fixture - for shear modulus measurement are
evaluated for a graphite-epoxy composite material system. A comparison of the shear
stress-strain response for each test method is made using conventional strain gage
instrumentation and moire interferometry. The uniformity and purity of the strain fields in
the test sections of the specimens are discussed, and the shear responses obtained from
each test technique axe presented and compared. For accurate measurement of shear
modulus, the 90 ° Iosipescu specimen is recommended.
INTRODUCTION
The in-plane shear modulus G12 of a unidirectional composite material is a
fundamental parameter for the elastic characterization of composite laminates. For the
purposes of design, the shear stress-strain response and the shear strength are also
required. Of the many available test methods for determining the shear response of
composite materials, Lee and Munro [1] have ranked the 10 ° off-axis [2-5], the +45 ° tensile
test [3,6,7] and the Iospisecu test method [8-16] as the best test methods.
For the shear response obtained from each test method by Lee and Munro [1],
strain gages are used to determine the average shear strain over the area of the specimen
underneath the strain gages. The shear stress was assumed to be the average shear stress
across the specimen's test section. Recent comparisons of the 10 ° off-axis, the +45 ° tensile
test and the Iosipescu test method for graphite-epoxy composites have shown that each test
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methoddoesnotproduceidenticalshearesponses[12, 14]. Thediscrepancybetweenthe
responsesobtainedfromthethreetestmethodsappliedto thesamematerialhasbeen
ascribedto thelackof uniformityof thestrainfieldsin thetestsections[12,14].The
differencesin theshearstrengthsobtainedineachtestmethodis thoughttobedueto the
strainfield nonuniformityandthevaryingdegreesof purityof theshearasaresultof the
testmethodandthematerialproperties[15]. Theshearesponsefrom thesetestswasthe
averageshearstressonacross-sectionof thespecimenplottedasafunctionof theshear
straincomputedfromastraingagerosette.However,thestraingagetypicallycoversa
smallportionof thespecimen'stestsection.Thustheresponseisonly meaningfulif the
shearstrainfield is uniform.
In thepresentinvestigation,acomparisonof threesheartests(10° off axis,+45 °
tensile and Iosipescu) was performed to evaluate the shear moduli of a graphite-epoxy
composite material. These specimens were instrumented with swain gages on one surface
and moire grating on the opposite surface. As well as allowing a comparison of the strains
on the opposite surfaces of the specimens, moire interferometry provided a means for
assessing the purity and uniformity of the shear strain fields in the specimen test sections.
EXPERIMENTAL INVESTIGATION
Moire Interferometry
Moire interferometry [17] is an optical method for measuring the in-plane surface
horizontal (u) and vertical (v) displacement components of a specimen subjected to a load.
The technique employs a high frequency crossed-line grating which is attached to the
surface of the specimen and deforms with the specimen surface. The interference of two
coherent light beams diffracted from the deformed specimen produces moire fringe patterns
corresponding to the u and v fields. The sensitivity (f) of the technique is determined by
the frequency of the specimen grating, the wavelength of the light ('L) and the optical
arrangement. The basic equation is,
f = 2 sin ct
Z, (1)
where a is the angle between the incident beam and the first order diffracted beam. The
displacement components u and v are obtained from the fringe order Nx and Ny by
u = f_ Nx and v=_ Ny (2)
and the in-plane strains by
bu 1 bNx
Ex =_----_
bx f bx
bv 1 bNy
ey by f by
bu bv
_xy =_+
by bx (3)
The crossed-line diffraction gratings that were applied to the surface of the specimens had a
frequency of 1200 lines/mm, and covered the width of each specimen and extended
approximately 30 mm lengthwise. The three-mirror interferometer which was used in the
moire experiments was developed by Czarnek [18], and gave a fringe pattern sensitivity of
0.417 mm per fringe (f = 2400 lines/ram).
Materials and Specimen Dimensions
A unidirectional 20-ply graphite-epoxy panel was fabricated from AS4/3501-6
preimpregnated tape. The 10 ° off-axis, _+45° tensile test and Iosipescu specimen
dimensions used in the experimental program are shown in Fig. 1. Details about the
location of the strain gage rosettes and locations of the moire gratings axe also shown in
Fig.1. The Iosipescu specimens were prepared with the fibers oriented in either the 0 ° or
90 ° directions, as indicated in Fig. 1c. The dimensions of the Iosipescu specimens
corresponded to the modified Wyoming test f'Lxture [10,15].
Specimen Testing, Instrumentation and Data Reduction
The instrumented specimens were tested in a conventional screw driven test
machine. The three-mirror interferometer was positioned in front of the specimen. Before
applying load to the specimen, the interferometer was tuned to provide no-load (null field)
fringe patterns. The null field fringe patterns consisted of one fringe or less across the field
of view. Load was then applied to the specimen until a predetermined value was obtained.
Under constant loading, u and v fringe patterns were recorded photographically. This test
procedure was repeated at numerous load levels until the fringe patterns became too dense
to analyze.
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Thestraingagedatawererecordedusingacomputercontrolleddataacquisition
system.Foreachof thedifferentshearspecimens,theaverage shear stress was calculated
in the appropriate coordinate system. Strain gage data were reduced to shear strains at the
center of the test section.
For the 10 ° off-axis specimen:
P - 0.171 P (4)
x-ave12= sinl0° c°sl0° A --A
_/12 = 2sin 10 ° cos 10 ° ( - ex + Ey ) + (sin 210 ° - cos 210 °) Yry
= 0.342 (- ex + Ey ) - 0.940 Yxy (5)
where P is the applied load and A is the specimen cross-sectional area. Subscripts 1 and 2
refer to the fiber and in-plane normal to the fiber directions, respectively. Note that the
shear stress expression in equation (4) does not take into account the end constraint effect
[4]. In the calculation of the shear modulus, a correction factor has to be applied [4].
Pindera and Herakovich [4] suggested a correction factor given by
CF ={ 1-[[3(sin20 - cos20)] / sin0cos0}/(1-2rl/3), (6)
[3= -[6(h/l )2 ($16
 1=-13(sx6/s11)
/Sll)] / [1+ 6(h/l )2 ($66 1S11)1
where h and l axe the half-width and length of the specimen, respectively, 0 is the angle
between the fibers orientation and the x-axis, and $11 's are the components of the reduced
transformed compliant matrix. For the specimen geometry employed in the present study
(1/2h =19.7), and assuming material properties El1=138 GPa, E22=8.96 GPa, v12=0.3,
and G12= 7.1 GPa for AS4/3501-6 [19], the correction factor is 0.959.
For the 5:45 ° tensile specimen:
x_ e = sin45 °cos45 ° P = 0.5 P (7)A A
4
712 = 2sin45 ° cos45 ° (-ex + ey ) + (cos245 ° - sin245 °) Txy
= (-Ex +cy) (8)
For the Iosipescu shear specimen:
l/2'_2 e =hL Xxy dy
h/2
(9)
712 = _xy = ( ESG1 -- ESG2 ) (10)
where h is the distance between the notch roots and esct and es_2 are the normal strains
recorded in the +45 ° gages as shown in Fig. 1. The correction factor for the Iosipescu
shear specimen is the ratio of the shear strain determined from the strain gage rosette to the
average shear strain across the test section and depends upon the material system (primarily
the orthotropy ratio) and fibers orientation [12,15,20,21]. Approximately, the correction
factors can be expressed as [21],
CF = 1.036 - 0.125 x lOg(E_) (11)
where Ex and Ey are extensional stiffnesses in the longitudinal and transverse directions,
respectively. For AS4/3501-6, the authors [21] have determined correction factors using
the finite element technique, obtaining values of 0.87 and 1.19 for the 0 ° and 90 ° fiber
orientations, respectively.
RESULTS AND DISCUSSION
10 ° Off-axis Test
The moire fringe data were used to determine shear strains over a region equivalent
to that of the strain gage rosette which was attached to the opposite face of the specimen.
A comparison of the shear stress-strain response on the front and back faces of the
specimen is shown in Fig. 2. Because the purpose of this research is to evaluate the effect
of different testing methods on the measured shear modulus, the shear stress-strain data are
plotted up to 0.5% shear swain to render clear comparison between the three testing
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methods.Theinconsistencyof thefront andbackshearstress-straincurvesin Fig. 2 is
suspectedto becausedbyimproperloading.Thatis,thespecimen-to-testmachine
clampingmethodallowsasmallamountof playpermittingsmallrotationsaboutthex- and
y-axesof thegrips.Thisplaycausesa smallmisalignmentof thetopandbottomgrips
which introducesout-of-planebendingandtwisting. Typicalmoirefringepatternsfor the
10° off-axisspecimenareshownin Fig.3. Thedatain Fig.3aindicatethatthehorizontal
displacementfield u(x,y)on thesurfaceof thespecimenis uniform.Thatis, thefringesare
generallystraight,parallelanduniformlyspacedexceptatthelongedgeswheredefectsin
thereplicatedgratingoccur.ThemoiredatainFig.3brepresenttheverticalcomponentof
displacementv(x,y) onthesurfaceof thespecimen.Thev-displacementfieldis not
uniform. Fromleft to right, thefringesgoupwardon theupperpartof thespecimenbut
godownwardon thelowerpartof thespecimen.This introducesnegative_v/3xonthe
upperandpositive_v/'0xon thelowerportionsof thespecimen.
Thenormalandshearswainsacrossthewidthof the10° off-axis specimen were
computed from the moire data using Equations 3 and transformed to the material axis
system 1-2. The strain distributions are presented in Fig. 4 for three locations, y---0, the
horizontal center-line of the specimen, and y_, where w is the width of the specimen.
The normal strain E1 is of small magnitude and is uniform across most of the specimen, but
there is a variation of about 20% between the swains values for the three horizontal lines
along which the data were obtained. The normal swain _2 is about 50% of the shear strain
at the center of the specimen. Significant variations of E2 across the section (46% for y=0)
and with the location y are also observed. The nonuniform distribution of e2, as can be
observed in the moire fringes in Fig. 3, could be caused by material nonuniformity in the
specimen or uneven clamping between the top and bottom grips. The shear swains Y12 are
also not uniform in the region covered by the moire grating. There are large variations in
_'12 from one edge of the specimen to the other and between the three y locations. At
y=+w, the variation in Y12 across the width of the specimen is 16% while at y=0 and y=-w,
the variations are 12% and 9% respectively. The variation of averaged 712 at y--0 and
y---&w is 3.8%. The normal strain e2 and the shear strain _/12 at one of the specimen long
edges are higher than those at the center, thus failure may initiate from specimen edges.
5:45 ° Tensile Test
The shear stress-strain responses based on the moire and strain gage data from the
front and back faces of the specimen are shown in Fig. 5. The moire fringe patterns are
shown in Fig. 6. The horizontal component of the surface displacement field u(x,y)
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consistsof auniformcomponenttogetherwithanonuniformdisplacementin bandsat45°
to the loadingdirection.A nonuniformdisplacementassociatedwith thefreeedgesof the
specimenis observed.Theverticalcomponentof thesurfacedisplacementfieldv(x,y) is
representedby closelyspacedalmosthorizontalfringesinFig. 6b. Thereis alsoa
nonuniformcomponentof v(x,y) displacementassociatedwith thesurfacefibers,however,
it is notasapparentasthatin theu-displacementfield. Theuniformcomponentof the
displacementfield canberemovedoptically[18]. This techniquewasusedto producethe
moirepatternshownin Fig.7 in whichthenonuniformcomponentof thev-displacement
field canbeclearlycorrelatedwith thefiberdirections.Thebandsof relativelylarge
deformationarethoughtto beassociatedwith resinrich regionsbetweenthereinforcement
towsof thegraphite-epoxytapeprepreg.
Thestrainsweredeterminedfrom themoirefringepatternsusingEquations3and
transformedto obtainthecomponentsin thematerialcoordinatesystem1-2.Thenormal
andshearstraindistributionsacrossthewidthw of thespecimenaxepresentedfor two
horizontallines,y=0 andy=0.5w,inFig. 8. ThenormalstrainsE1ande2 are of small
magnitude and are quite uniform across the specimen width at y=0 and 0.5w except at the
free edges. As expected, the normal strains are equal. The presence of the free-edge effect
is also apparent in the normal strain distributions as denoted by the abrupt change in strain
values near the free edges. The longitudinal normal strain ex is negative in most of the field
due to Poisson contraction except at the specimen long edges where ex is tensile. The shear
strain 712 distribution does appear to vary with y, as shown in Fig. 8c. The difference
between the shear strains at the center of the specimens at y---0 and 0.5w is approximately
10%. It should be noted that strain gage rosettes measure average strains over the area of
the rosette, therefore the shear strains determined from strain gages could differ by 5% at
the center of the specimen for y=0 and 0.5w. The differences in strains are attributed to
material nonuniformity at the fiber tow level.
losipeseu Shear Test
Two fiber orientations 0 ° and 90 ° were tested. The moire and strain gage data were
used to obtain the shear stress-strain responses shown in Figs. 9 and 10 for the 0 ° and 90 °
specimens, respectively. The front and back face responses are the same for the 0 °
specimen but axe different for the 90 ° specimen. The difference in shear strains on the faces
of the 90 ° specimen is related to specimen twisting about the x axis [15]. On one face of
the specimen the effects of twisting are additive whereas on the other face they are
subtractive. Therefore the average of the front and back face responses can be used in
determiningtheshearmodulus.It shouldbenotedthatthedifferencebetweenthefront and
backfaceresponseis systematic,thatis, theshearswainsmeasuredon thefacefarthest
awayfrom thefixture'slinearbearing(thefrontface)arealwayshigherthanthoseonthe
backface.Therefore,if a90° specimen was tested and a single swain gage rosette was
applied then significant error could be realized.
Typical moire fringe patterns for the 0° specimen are shown in Fig. 11. The
horizontal displacement field u(x,y) is represented in Fig. 1 la. The very low fringe
gradients in the horizontal (x) direction are consistent with the high bending stiffness of the
specimen with the 0 ° fiber orientation. A pure and uniform shear field in the test section of
the specimen would be represented in the vertical displacement field as a series of
uniformly spaced vertical straight contours. In Fig. 1 lb it is shown that the fringes are S-
shaped so that there is some normal strain ey (e2) in the test section due to the proximity of
the applied loads to the test section [15,20,21]. It has been shown [15,21] that this load
proximity effect in the 0 ° specimen causes the magnitudes of the strains in gages SG 1 and
SG2, Fig. lc, to be different but does not affect the shear swain calculation.
The moire fringe patterns for the 90 ° specimen are shown in Fig. 12. The
horizontal displacement field u(x,y), represented by the fringe pattern in Fig. 12a, contains
significant in-plane bending which is due to the low extensional stiffness Ex of the
material. The vertical displacement field v(x,y), represented by the fringe pattem in Fig.
12b, corresponds to pure and uniform shear in a region at the center of the test section.
Comparison of Shear Stress-Strain Responses
Typical shear stress-swain responses for the graphite-epoxy specimens tested in the
10 ° off-axis, the +45 ° tensile and the 0° and 90 ° Iosipescu methods are presented in Fig.
13a. Since the tests are performed on the same material it would be reasonable to expect
each test method produce the same response. It is apparent in Fig. 13a that the responses
are different and the shear moduli are also different. Even after allowing for the twisting of
the 90 ° Iospiescu specimen (by taking the average of the front and back surface shear
strains) the shear modulus appears to be significantly lower than that in the other tests. The
difference between the responses is attributed to the nonuniformity of the shear fields in the
various tests. Recall that the shear stress-strain response is presented as the average shear
stress across the specimen test section plotted as a function of the average shear strain
under the strain gage rosette.
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Correctionfactors[12,15,21] have been suggested to allow for the nonuniformity
of the shear strain fields in the 10° off-axis and the Iosipescu specimens by estimating
average shear strain corresponding to the measured (local) shear strain. Unfortunately,
these correction factors depend upon the material orthotropy ratio [12,15,21] and, to a
much lesser extent, upon the shear modulus itself [ 12]. When the appropriate correction
factors are applied to the experimentally determined shear strains the corrected responses,
shown in Fig. 13b, are obtained. The effect of these correction factors is to bring the
responses of the 10 ° off-axis, the +45 ° tensile and the 0 ° and 90 ° Iosipescu specimens close
together, at least in the initial stages of the response where linear behavior was assumed for
the calculation of the correction factors. Note that the difference between the responses is
not necessarily due to the different characteristics of the testing methods. Much of the
difference can be attributed to the material nonuniformity in the specimen panel. For
specimens cut from the same panel, there might be as much as 5% difference in specimen
thicknesses (hence the fiber volume fraction and the shear resistance) for a well laid up
panel. Lee et al. [14] have shown that the shear moduli for IM6/American Cyanamid 1806
obtained from the +45 ° tensile and 10 ° off-axis specimens are 4.0 GPa and 4.5 GPa,
respectively, and the corresponding coefficient of variations are 8.6% and 5.4%,
respectively. Abdallah and Gasgoine [I3] determined a shear modulus of 4.54 GPa with a
standard deviation of 0.73 GPa for 0" AS4/3501-6 Iosipescu specimens. Thus, shear
responses can signigicantly vary between specimens from the same panel.
CONCLUSIONS
Moire interferometry has been used to determine the surface displacement fields in
10 ° off-axis, +45 ° tensile and 0 ° and 90 ° Iosipescu graphite-epoxy specimens.
Comparisons of the moire data on one face of the specimens with data from a strain gage
rosette on the opposite face have been made. It has been shown that the shear stress-strain
responses obtained by instrumenting only one face of the 90 ° Iosipescu specimen could
give erroneous results. The 0 ° Iosipescu specimens did not suffer from front to back face
shear strain variations. The shear strain fields in the test section of the specimens of three
testing methods are not uniform. Correction factors could be applied to bring all responses
together, within the limits of the material uniformity, which was itself documented in the
moire fringe patterns. Ideally, the correction factor for 5:45 ° tensile specimen is one. In
addition to significant edge effects, the strain distributions in the test section away from
edges are not uniform for the 5:45 ° tensile specimen. Thus correction factors other than
unity have to be applied. Because the test section of the 90 ° Iosipescu specimen is under
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pureshear,andthereis nopresenceof unpredictablefreeedgeeffectin thisunidirectional
composite,the90" Iosipescuspecimenisrecommendedfor accurateshearmodulus
measurementof thecompositematerialsaslongasthefront andbackshearesponsesare
usedandcorrectionfactorappliedindeterminingtheshearmodulus.
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FIGURE TITLES
Fig. 1 Test specimen dimensions for (a) 10 ° off-axis, (b) +45 ° tension, (c) Iosipescu
specimens.
Fig. 2 Shear stresss-strain data on the front (moire) and back (strain gage rosette) faces for
10 ° off-axis specimen.
Fig. 3 Typical (a) u-field and (b) v-field fringe patterns for the 10 ° off-axis specimen at
'c12ave=3.96 MPa.
Fig. 4 Strain distributions (a) el, (b) e2 and (c) _'12 at y---0 and y-_--&w(w=width of
specimen), reduced from moire fringe contours for the 10 ° off-axis specimen.
Fig. 5 Shear stress-strain data on the front (moire) and back (strain gage rosette) faces for
+450 tensile specimen.
Fig. 6 Typical (a) u-field and (b) v-field fringe patterns for the +45 ° tensile specimen at
xl2ave=l 1.0 MPa.
Fig. 7 Non-uniformity of v-field fringe pattern for the +450 tensile specimen at x12ave=28.0
MPa.
Fig. 8 Strain distributions (a) el, (b) e2 and (c) 712 at y--0 and y=w/2 (w=width of
specimen), reduced from moire _ge contours for the +45 ° tensile specimen.
Fig. 9 Shear stress-strain data obtained from front (moire) and back (strain gage rosette)
faces of the 0 ° Iosipescu specimen.
Fig. 10 Shear stress-strain data ob_ned from front (moire) and back (strain gage rosette)
faces of the 90 ° Iosipescu specimen.
Fig. 11 Typical (a) u-field and (b) v-field fringe patterns for the 0 ° Iosipescu specimen at
'_12ave=20.5 MPa.
Fig. 12 Typical (a) u-field and (b) v-field fringe patterns for the 90 ° Iosipescu specimen at
x12ave=34.0 MPa.
Fig. 13 Typical shear stress-strain responses (a) before and (b) after the app.lication of
correction factors. Note that the end points of the shear stress-strata response
curves do not indicate specimen failure.
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Fig. 4 strain distributions (a) el, (b) e2 and (c) 712 at y=0 and y-_--&w(w=width of
specimen), reduced from moire fringe contours for the 10 ° off-axis specimen.
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Fig. 5 Shear stress-strain data on the front (moire) and back
(strain gage rosette) _f_6es for -+45° tensile specimen.
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Fig. 6 Typical (a) u-field and (b) v-field fringe patterns for the +45 ° tensile specimen at
"_12ave= 11.0 MPa.
Fig. 7 Non-uniformityof v-fieldfringepatternfor the+45 ° tensile specimen at
"l;12ave=28 MPa. -- .-.. ........
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Shear stress-strain data obtained from front (moire) and back
(strain gage rosette) faces of the 0° Iosipescu specimen.
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Fig. 10 Shear stress-strain data obtained from front (moire) and back
(strain gage rosette) faces of the 90 ° Iosipescu specimen.
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Fig. 12 Typical (a) u-field and (b) v-field fringe patterns for the 90 ° Iosipescu specimen at
x12ave=34_0 MPa,
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Fig. 13 Typical shear stress-strain responses (a) before and (b) after the
lication of correction factors. Note that the end points of the
ear stress-strain response curves do not indicate specimen failure.
